Angelman syndrome (AS) is a neurodevelopmental disorder associated with developmental delay, lack of speech, motor dysfunction, and epilepsy. In the majority of the patients, AS is caused by the deletion of small portions of maternal chromosome 15 harboring the UBE3A gene. This results in a lack of expression of the UBE3A gene because the paternal allele is genetically imprinted. The UBE3A gene encodes an enzyme termed ubiquitin ligase E3A (E6-AP) that targets proteins for degradation by the 26S proteasome. Because neurodegenerative disease and other neurodevelopmental disorders have been linked to oxidative stress, we asked whether mitochondrial reactive oxygen species (ROS) played a role in impaired synaptic plasticity and memory deficits exhibited by AS model mice. We discovered that AS mice have increased levels of superoxide in area CA1 of the hippocampus that is reduced by MitoQ 10-methanesuflonate (MitoQ), a mitochondria-specific antioxidant. In addition, we found that MitoQ rescued impairments in hippocampal synaptic plasticity and deficits in contextual fear memory exhibited by AS model mice. Our findings suggest that mitochondria-derived oxidative stress contributes to hippocampal pathophysiology in AS model mice and that targeting mitochondrial ROS pharmacologically could benefit individuals with AS.
Introduction
Angelman syndrome (AS) is a genetic neurodevelopmental disorder characterized by developmental delay, lack of speech, motor dysfunction, and epilepsy, along with multiple other features (Lossie et al., 2001; Williams et al., 2006) . In the majority of the cases, AS is caused by deletion of the maternal chromosome 15q11-q13 region, which includes the UBE3A gene (Lossie et al., 2001) . This results in the absence of UBE3A expression in the brain of AS patients because the process of genomic imprinting normally results in the silencing of the paternal UBE3A allele (Chamberlain and Lalande, 2010) . UBE3A encodes for an ubiquitin E3 ligase, termed E6-AP, which covalently attaches polyubiquitin chains to proteins to signal for their recognition and degradation by the 26S proteasome (Knoll et al., 1989; Kishino et al., 1997; Matsuura et al., 1997; .
It was shown that AS model mice, which display endophenotypes consistent with the human disorder, exhibit mitochondrial dysfunction and altered mitochondrial morphology in the hippocampus (Su et al., 2011) . Mitochondria are a prominent source of reactive oxygen species (ROS) and other neurodevelopmental disorders such as autism spectrum disorder (ASD) have been linked to oxidative stress (for review, see Chauhan and Chauhan, 2006; Kern and Jones, 2006) . For example, mitochondrial dysfunction and altered expression of electron transport chain (ETC) genes have been observed in autism (Anitha et al., 2013; Gu et al., 2013) . Therefore, we investigated whether levels of mitochondrial ROS were altered in the hippocampus of AS model mice and, if so, whether they contributed to impairments in hippocampal synaptic plasticity and memory deficits displayed by these mice.
Herein, we show that there are increased levels of mitochondrial superoxide in the hippocampus of AS model mice, which can be reduced by treatment with MitoQ 10-methanesuflonate (MitoQ), a mitochondria-targeted antioxidant that crosses the blood-brain barrier and selectively accumulates in mitochondria (McManus et al., 2011) . We also found that MitoQ rescued impairments in hippocampal long-term potentiation (LTP) and contextual fear memory in the AS model mice. Together, these findings indicate that increased levels of mitochondrial ROS contribute significantly to hippocampal pathophysiology in AS model mice and suggest that therapeutically targeting mitochondrial ROS could be beneficial for individuals with AS.
Materials and Methods
Mice. AS model mice on a C57BL/6 background were generated and genotyped as described previously (Jiang et al., 1998) . All mice were housed under standardized conditions in the Transgenic Mouse Facility of New York University (New York, NY) that were compliant with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Male and female AS model mice and wild-type (WT) littermates 12-18 weeks of age were used for the experiments.
Drug preparation and treatment. For electrophysiology and biochemistry, MitoQ was dissolved in DMSO (1 mM) and bath applied in artificial CSF (ACSF; 500 nM). In the in vivo experiments [dihydroethidium (DHE) staining and behavior], either MitoQ or decyl-tetraphenylphosphonium (decyl-TPP) was dissolved in DMSO and mixed with sterile saline solution for a final dilution of 0.5 mg/ml. Mice then were injected intraperitoneally with either 5 mg/kg MitoQ or decyl-TPP [in the text, this group is referred to as (veh)]. The injection regimen used for the behavioral studies is described in Figure 4A -C. The injections were always performed at least 4 h before testing.
Hippocampal slice preparation. Brains from AS model mice and their wild-type littermates (12-18 weeks of age) were quickly removed, and either transverse hippocampal slices (400 m) or parasagittal cerebellar slices (400 m) were isolated with a VT1200 Vibratome (Leica) in the following ice-cold cutting solution (in mM): 110 sucrose, 60 NaCl, 3 KCl, 1.25 NaH 2 PO 4 , 28 NaHCO 3 , 0.5 CaCl 2 , 7 MgCl 2 , 5 glucose, and 0.6 ascorbate. Slices were allowed to recover for 20 min at room temperature in a 50:50 solution of ACSF containing the following (in mM): 125 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 25 NaHCO 3 , 25 D-glucose, 2 CaCl 2 , and 1 MgCl 2 ACSF, followed by additional recovery for 30 min in room temperature ACSF before being transferred for electrophysiology or mitochondrial superoxide detection.
Detection of superoxide. For the detection of mitochondrial superoxide, we used MitoSOX Red (Invitrogen; 5 M in DMSO) in acute brain slices and DHE (ThermoFisher Scientific; 27 mg/kg) administered with intraperitoneal injections. In the acute brain slices experiments, hippocampal and cerebellar slices were incubated for 4 -5 h in carboxygenated ACSF at 32°C. Subsequently, either MitoQ (500 nM) or decyl-TPP (500 nM; in the text this group is referred to as veh) were bath applied for 30 min before the addition of MitoSOX Red (5 M) for an additional 10 min. Immediately following this treatment, slices were fixed with icecold 4% paraformaldehyde (PFA) in PBS overnight (ON) at 4°C and cut into 40 m sections. The in vivo experiments were performed as described previously (Hu et al., 2006) . Briefly, mice received two intraperitoneal injections of DHE (final volume of 200 l) with a 30 min interval. Eighteen hours after the final injection of DHE, mice were anesthetized and perfused with 4% PFA. Brains were postfixed in 4% PFA ON at 4°C and cut into 30 m sections. The slices obtained from these procedures were mounted onto presubbed slides with Vectashield mounting medium with DAPI (Vector Laboratories). The hippocampal CA1 and cerebellar regions in the sections were imaged using a Leica TCS SP5 confocal microscope. All parameters (pinhole, contrast, gain, offset) were held constant for all sections from the same experiment.
Electrophysiology. Electrophysiology was performed according to standard techniques, as described previously (Kaphzan et al., 2013) . Briefly, bipolar stimulating electrodes (92:8 Pt:Y) were placed at the border of area CA3 and area CA1 along the Schaffer collateral pathway. ACSF-filled glass recording electrodes (1-3 M⍀) were placed in stratum radiatum of area CA1. Stable baseline synaptic transmission was established for at least 60 min. LTP was induced with two trains of high-frequency stimulation (HFS; 100 Hz for 1 s, with a 20 s interval). Either MitoQ (500 nM) or decyl-TPP (500 nM; in the text this group is referred to as veh) was bath applied for 40 min before, during, and 40 min after HFS.
Contextual fear conditioning. Contextual fear conditioning was performed according to standard techniques, as described previously (Kaphzan et al., 2013) . Briefly, on the conditioning day, each mouse was placed in the chamber and received two footshocks (0.5 mA intensity, 2 s duration, 2.5 min interval) starting after 2.5 min of free exploration. The contextual memory test was performed 7 d later by placing each mouse back into the same conditioning chamber for 5 min. Freezing behavior was assessed at 2.5 min intervals during conditioning, and every minute during contextual memory test.
Rotarod. Mice were tested for balance and motor coordination on an accelerating rotarod (Ugo Basile), as described previously (Carter et al., 1999 (Carter et al., , 2001 . Briefly, mice were trained to remain on a rotating rod set at the constant speed of 4 rpm. The speed of the rotating rod was then increased from 4 to 40 rpm over 5 min, and the time at which each animal fell from the rod was automatically recorded. The mice were given four consecutive trials with a minimum rest interval of 30 min.
Statistical analysis. Group data are presented as the mean Ϯ SEM. Electrophysiological and behavioral data were analyzed with either ANOVA or repeated-measures ANOVA (RM-ANOVA), using either time or trial as the within-subject factor, and genotype and treatment as the between-subject variable. Post hoc multiple-comparisons corrections were applied using Tukey's test.
Results
An increasing number of studies support the notion that oxidative stress may have a pathological role in several neurodevelopmental disorders including ASD (Chauhan and Chauhan, 2006; Kern and Jones, 2006) . A recent investigation (Su et al., 2011) revealed altered mitochondria morphology and function in a mouse model of AS. Specifically, small and dense mitochondria were described in the hippocampus of AS model mice that were correlated with reduced complex III activity and oxidative phosphorylation defects in brain extracts. These findings are particularly interesting because mitochondria are considered to be a significant source of intracellular ROS that when not readily detoxified leads to oxidative stress (Boveris and Chance, 1973; Cadenas et al., 1977; Turrens, 2003) . Thus, to determine a possible link between AS pathology and mitochondrial oxidative stress, we first asked whether there are increased levels of mitochondrial ROS in the brain of AS model mice. We stained hippocampal slices with MitoSOX Red, a fluorogenic dye targeted to the mitochondria that is rapidly oxidized by superoxide and be-comes fluorescent (Fig. 1 A, B) . We observed a robust increase in the fluorescence intensity (FI) of oxidized MitoSOX Red in hippocampal CA1 pyramidal neurons from AS model mice compared with their wild-type littermates (Fig. 1D) , which is consistent with increased levels of mitochondria-derived superoxide. Moreover, bath application of the mitochondria-targeted antioxidant MitoQ (Smith and Murphy, 2010; Ma et al., 2011) normalized the oxidized MitoSOX Red FI in hippocampal CA1 neurons from AS model mice to wild-type levels ( Fig. 1 A, B,D) . These results indicate that levels of mitochondria-derived superoxide are elevated in the hippocampus of AS model mice and that the levels of superoxide can be restored by treatment with the antioxidant MitoQ.
We performed a similar, but independent, set of experiments analyzing the levels of mitochondrial superoxide in the cerebellum, another brain region known to be affected in AS (Jiang et al., 1998) . Surprisingly, we found similar levels of MitoSOX Red FI in cerebellar slices from AS model mice and their wild-type littermates (Fig. 1 D, E) . These results suggest that the oxidative stress selectively affects specific brain regions such as the hippocampus in AS model mice.
To eliminate the possibility that the acute slice preparation contributed to the increased levels of ROS in the hippocampus of the AS model mice, we examined ROS levels in vivo with MitoQ treatment (Fig. 2) . We used intraperitoneal injections of DHE, an ROS-sensitive dye that crosses the blood-brain barrier and has been previously used to study the levels of superoxide in brain tissues (Hu et al., 2006) . We also used a MitoQ treatment paradigm (5 mg/kg i.p.; see Materials and Methods; Fig. 4 A, C) that results in brain levels of MitoQ sufficient to induce antioxidant effects in mice Chandran et al., 2009; Ghosh et al., 2010; Smith and Murphy, 2010) . Consistent with the MitoSox experiments, we observed increased ROS levels in the hippocampus of the AS mice (Fig. 2 A, B,D) , which were normalized to wild-type levels following MitoQ treatment (Fig. 2 A, B,D) . Moreover, we did not detect statistical differences in ROS levels in the cerebellum between wild-type and AS model mice (Fig. 2C,D) . Finally, we also examined neurons in layer 5 of the cortex, and we 3 B, C; p Ͻ 0.01, RM-ANOVA, post hoc Tukey's multiplecomparison test). Moreover, MitoQ did not change baseline synaptic transmission in either wild-type or AS mice (Fig. 3B) . Finally, MitoQ treatment neither impacted LTP in the wild-type mice nor caused any further enhancement of LTP over the veh treatment (Fig. 3 B, C) .
To examine whether normalization of LTP induced by MitoQ in the AS mice occurred via a presynaptic or postsynaptic mechanism, we also examined paired pulse facilitation (PPF) before and after HFS. We found no difference in PPF before and after HFS, suggesting that the altered potentiation in the AS model mice likely arises from a postsynaptic mechanism (Fig. 3D) . Overall, these results indicate that increased levels of mitochondria-derived ROS contribute to the LTP deficits displayed by AS model mice.
Previous studies (Jiang et al., 1998; van Woerden et al., 2007; Kaphzan et al., 2012) have shown that contextual fear memory, which is hippocampus dependent, is impaired in AS model mice. Given the ability of MitoQ to reduce mitochondria-derived superoxide and normalize LTP, we determined whether elevated ROS also contribute to hippocampus-dependent memory impairments displayed by AS model mice. Thus, we delivered intraperitoneal injections of either veh or MitoQ (5 mg/kg; Fig. 4A ) to AS model mice and their wild-type littermates before and during the acquisition and consolidation phases of the fear conditioning.
Similar to previous results, we found that the AS model mice displayed a decrease in freezing time 7 d after contextual fear conditioning. Treatment with MitoQ normalized the impaired contextual fear memory displayed by the AS model mice, restoring it to wild-type levels (p Ͻ 0.01, RM-ANOVA, post hoc Tukey's multiple-comparison test; Fig. 4E,F) . MitoQ treatment did not alter contextual fear memory in the wild-type mice (Fig. 4E,F) . Moreover, the acquisition curves of all groups of mice were similar, suggesting that the MitoQ treatment did not affect the acquisition of contextual fear memory (Fig. 4D) . It should be noted that cued fear memory was not impaired in AS model mice (data not shown), which is consistent with the findings of previous studies (Jiang et al., 1998) . Overall, these results indicate that elevated mitochondrial ROS contributes to the deficits in contextual fear memory exhibited by AS model mice.
Because motor dysfunction is a clinically relevant component of AS symptomatology (Lossie et al., 2001; Williams et al., 2006) , we also determined the role of mitochondrial ROS in motor coordination and learning. Thus, we tested the AS mice using the rotarod to test motor coordination and learning, which is in part dependent on the cerebellum. Consistent with previous studies (van Woerden et al., 2007) , we found that the AS model mice were impaired on the rotarod test (Fig.  4G) . Moreover, we saw no improvement in the performance of the AS model mice on the task after either short MitoQ treatment (MitoQ S ; Fig. 4 B, G) or long MitoQ treatment (MitoQ L ; Fig. 4C,G) . These results are in agreement with the data demonstrating that mitochondrial ROS levels were not altered in the cerebellum of the AS model mice (Figs. 1D,E, 2C,D) and suggest that the contribution of elevated levels of mitochondrial ROS in AS model mice are specific to hippocampal pathophysiology. Alternatively, it is possible that motor deficits of adult AS mice are resistant to treatment, which is consistent with recent studies (Silva-Santos et al., 2015) demonstrating that reinstating Ube3A in adult mice that develop in the absence of Ube3A does not improve rotarod performance.
Discussion
In this study, we observed that AS model mice exhibited a robust increase in mitochondrial superoxide levels in the hippocampus (Figs. 1, 2) . In addition, impairments in hippocampal LTP and contextual fear conditioning exhibited by AS model mice were normalized by the antioxidant MitoQ (Figs. 3, 4) , suggesting that the increased levels of mitochondrial superoxide are detrimental for hippocampal function in AS model mice. Oxidative stress occurs in other neurological disorders, including fragile X syndrome and autism, where it has been linked to cognitive deficits (Chauhan and Chauhan, 2006; Kern and Jones, 2006). In addition, it was found previously that increased mitochondrial superoxide plays a role in impaired hippocampal synaptic plasticity and memory deficits in Alzheimer's disease model mice that can be rescued with either treatment with MitoQ or genetic overexpression of SOD-2, the mitochondrial superoxide dismutase (Massaad et al., 2009; Ma et al., 2011; McManus et al., 2011) . These results suggest that high levels of oxidative stress via increased levels of mitochondrial superoxide could be a common theme among many brain diseases associated with cognitive deficits.
Although we provide evidence for the involvement of excessive mitochondrial superoxide levels in the hippocampal synaptic and behavioral deficits displayed by AS mice, the link between the lack of expression of the E3 ligase E6-AP and the increased expression of superoxide is unknown. One possible mechanism is an altered ETC, which commonly leads to oxidative stress. Consistent with this idea, a previous study (Su et al., 2011) reported morphological alterations in the mitochondria of AS model mice that were correlated with a reduction in the activity of complex III of the ETC. It is possible that E6-AP may control the expression of either components or modifiers of the ETC, and therefore the loss of E6-AP could cause dysregulation that results in oxidative stress. Further investigation is required to determine how E6-AP regulates the ETC.
The cerebellum is a brain region known to be affected in AS (Jiang et al., 1998; Dindot et al., 2008 ), but we found no difference in the levels of mitochondrial superoxide in the cerebellum of the AS model mice compared with wild-type littermates (Figs. 1, 2) . This was correlated with no improvement in the motor performance on the rotarod test, which is in part dependent on the cerebellum, with MitoQ treatment (Fig. 4G) . Consistent with the widespread genomic imprinting of Ube3a, both the hippocampus and cerebellum lack E6-AP (Gustin et al., 2010) . Thus, the differences in the levels of mitochondrial superoxide that we discovered in these brain regions of the AS model mice may result from different mechanisms of detoxification of ROS. In agreement with this idea, a marked difference in the expression of enzymes that reduce oxidative stress in the hippocampus and cerebellum of postmortem AD patients has been reported where mRNA for peroxide detoxifying enzymes were elevated in the hippocampus, but not in the cerebellum (Aksenov et al., 1998) . Alternatively, the lack of E6-AP may differentially impact the generation of mitochondrial ROS in the hippocampus compared with the cerebellum.
In summary, our results suggest that hippocampal pathophysiology exhibited by AS model mice are related to increased oxidative stress that can be reversed by therapeutically targeting mitocondrial ROS. Notably, previous studies have successfully administered antioxidant treatments to AS patients, though only to treat specific symptoms. For example, melatonin has been efficacious in treating AS-related insomnia (Zhdanova et al., 1999; Braam et al., 2008) , and an -3 fatty acid-enriched diet decreased epileptic activity (Schlanger et al., 2002) . Although other symptoms, such as overall cognitive improvement, were not tested, these studies provide a promising basis for the use of antioxidants for the treatment of AS.
One important factor when considering therapies to reduce oxidative stress is that a baseline level of ROS is required for normal synaptic plasticity. For example, it was shown previously that exogenous application of SOD-1 and similar compounds to reduce ROS levels also prevented LTP , and young mice that overexpress SOD-1 and extracellular SOD have impaired LTP and deficits in contextual fear memory (Thiels et al., 2000; Hu et al., 2006) . Thus, it is important to note that the addition of treatment with MitoQ had no effect on the basal levels of mitochondrial superoxide, hippocampal LTP, and contextual fear memory in wild-type mice (Figs. 1, 2, 3, 4) , which is consistent with the findings of a previous study (Hu et al., 2007) demonstrating WT ϩ veh, n ϭ 15 mice; WT ϩ MitoQ, n ϭ 14 mice; AS ϩ veh, n ϭ 14 mice; AS ϩ MitoQ, n ϭ 13 mice; WT ϩ MitoQ L , n ϭ 6 mice; AS ϩ MitoQ L , n ϭ 6 mice; WT ϩ MitoQ S , n ϭ 15 mice; AS ϩ MitoQ S , n ϭ 15 mice.
that overexpression of SOD-2, the mitochondrial SOD, had no impact on hippocampal LTP and memory. Because MitoQ targets mitochondrial superoxide, and not other sources of oxidative stress, it could be beneficial for the treatment of AS because it would minimally affect the normal role of ROS in synaptic plasticity and memory. MitoQ has been tested therapeutically for the treatment of Parkinson's disease, and, although it was not efficacious for treating the disorder, it was found to be safe when administered to patients for a prolonged period of time (Snow et al., 2010) . Another clinical trial targeting liver inflammation in hepatitis C patients was successful in phase II trials (Smith and Murphy, 2011) . Therefore, targeting mitochondrial superoxide with MitoQ may be a promising therapy for individuals with AS.
